Self-assembled strategy has been proven to be a promising vista in constructing organized low-dimensional nanostructures with molecular precision and versatile functionalities on solid surfaces. Herein, we investigate by a combination of scanning tunneling microscopy (STM) and dispersion-corrected density functional theory (DFT), the adsorption of tetracene molecules on the silver substrate and the mechanism mediating the self-assembly on Ag(110). As expected, ordered domain is formed on Ag(110) after adsorption with adjacent molecules being imaged with alternating bright or dim pattern regularly. While such behavior has been assigned previously to the difference of molecular adsorption height, herein, it is possible to investigate essentially the mechanism leading to the periodic alternation of brightness and dimness for tetracene adsorbed on Ag(110) thanks to the consideration of Van der Waals (vdW) dispersion force. It is demonstrated that the adsorption height in fact is same for both bright and dim molecules, while the adsorption site and the corresponding interfacial charge transfer play an important role in the formation of such pattern. Our report reveals that vdW dispersion interaction is crucial to appropriately describe the adsorption of tetracene on the silver substrate, and the formation of delicate molecular architectures on metal surfaces might also offers a promising approach towards molecular electronics.
Introduction
Organic-inorganic hybrid materials have drawn intensive interests in past decades owing to their attractive applications in organic thin film transistors (OTFT), organic light emitting diodes (OLED), solar cells and so on [1] [2] [3] . Promoted by the rapid development of molecular electronics, low-dimension artificial architectures consisting of small conjugated molecules have gone through vigorous exploiting [4, 5] , which in turn offer the possibility to integrate simultaneously the electronic and optoelectronic properties of functional nanostructures into a single device. In practice, such devices are typically constructed in the form of layered structures with metal electrodes, the electron/hole transporting layer and functional organic films in between. Specifically, it is widely perceived that (Omicron VT-STM). Tetracene (99.99%, Sigma-Aldrich, Buchs, Switzerland) was degassed for several hours before deposition just below sublimation temperature (about 410 K) in a home-made evaporator from Ta foil. Deposition rate was monitored using a quartz microbalance (Omnivac, Kaiserslautern, Germany) and calibrated afterwards with STM measurements, which was about 0.2 ML/min. STM measurements were performed at room temperature (RT).
DFT calculations were performed by employing the Vienna ab initio Simulation Package (VASP) code [34] [35] [36] with the projector augmented wave (PAW) method [37] . The Perdew-Burke-Ernzerhof (PBE) form within the generalized gradient approximation (GGA) [38] was used to describe the electron exchange-correlation potential. In addition, the DFT-D3 method [39] proposed by Grimme was also adopted to give a better description of the long-range dispersion interactions. The Ag(110) supercell was constructed with a dimension of 15.01 Å × 30.02 Å × 21.0 Å to simulate the unit cell of the adsorption model, including three layers of Ag(110) and four tetracene molecules, and the supercell is consisted of 228 Ag atoms. A vacuum layer of 15 Å was built to prevent interactions between neighboring slabs. The Monkhorst-Pack [40] k-point sampling was utilized for Brillouin zone integration: 3 × 2 × 1. The kinetic energy cutoff for the plane-wave basis was set to 400 eV. During structural optimization, the top two layers and molecules were fully relaxed with a force convergence criterion of 0.02 eV/Å. Simulated STM topography ws created from the partial local density of states by using the Tersoff-Hamann method [41] . Under the present setup, the lattice parameter of the Ag slab was calculated as 4.113 Å, in good agreement with the experimental value of 4.085 Å [42] .
Results and Discussion
The molecular structure of tetracene is shown in Figure 1 together with the STM simulation in gas phase, and it is found that the electron density distribution of tetracene is strongly dependent on energy, say, the distribution of electron is symmetric with respect to the long molecular axis at positive bias (above the Fermi level) while it has the mirror plane along the short molecular axis at negative bias (below the Fermi level), which is consistent with reports in literature [17, 18] . It was revealed that deposition of about one monolayer (ML) tetracene onto Ag(110) kept at room temperature (RT) leads to the formation of a commensurate domain with respect to the Ag substrate, as shown in Figure 2a . Detailed analysis reveals that the long molecular axis of tetracene is aligned with a certain angle respect to the [001] direction from the Ag(110) substrate. While a rhombic unit cell can be extracted for the close packed domain from STM topography in Figure 2a , it is also apparent that the ordered nanostructure with long-range neatness is composed of periodically altering patterns with the bright or dim tetracene as predicated by STM simulations under positive bias in Figure 1 . With two neighboring molecules imaged with relative brightness and dimness around the [001] symmetry direction of substrate, a zoom-in view in Figure 2b also shows that even the two bright tetracene molecules within the same unit cell is slightly different from STM topography. Specifically, one tetracene molecule is completely bright in STM, while another tetracene at the diagonal position is found to be imaged as half bright and half dim, which are highlighted by the yellow ellipses in Figure 2b . This observation is kind of interesting and hasn't been discussed yet in previous reports, and the governing mechanism underneath might be related to the adsorption site at a first sight.
In order to gain deep insight onto the adsorption morphology and the governing mechanism, DFT calculations have been employed with the consideration of van der Waals (vdW) interaction to predict the adsorption behavior of tetracene on Ag(110). It has been pointed out by conventional DFT calculations without the long-range vdW interaction correction in our previous work [16] that, the variation of the brightness of individual tetracene molecule was caused by the difference of adsorption height between two neighboring tetracene molecules with respect to the silver substrate, which was found to be 2.75 Å and 3.20 Å, respectively. However, different adsorption configurations are obtained herein when the vdW dispersion force is considered. Indeed, the long-range electron dispersion force might play a key role in the description of the tetracene/Ag(110) adsorption complex, as the molecule-substrate interaction is revealed to be relatively rather weak [20] [21] [22] . The adsorption configuration with neighboring tetracene at different adsorption heights was adopted as the starting point following our previous work [16] and was fully relaxed afterwards during the vdW-corrected DFT optimization. Finally, optimized adsorption models are summarized and illustrated in Figure 3 with both top and side view shown. It can be seen that tetracene molecules can be arranged with two slightly different adsorption sites in the same unit cell, as marked by the white and red ellipse in Figure 3a ,b, respectively. While one tetracene molecule corresponding to the bright feature in STM is positioned with the molecular backbone on the top site (indicated with the white ellipse in Figure 3a ), another bright molecule can either park on the top site as well or be arranged with the molecular backbone on the long bridge site (red ellipse in Figure 3b ). Further analysis in detail gives the unit cell parameter for the first adsorption configurations as:
where a and b indicate the unit cell vector of the assembled nanostructure, and a s and b s represent the unit cell vector of the Ag(110) substrate, while the 2nd configuration does not compensate with the Ag(110) substrate and might not be possible to be observed experimentally [43] .
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The molecular structure of tetracene is shown in Figure 1 together with the STM simulation in gas phase, and it is found that the electron density distribution of tetracene is strongly dependent on energy, say, the distribution of electron is symmetric with respect to the long molecular axis at positive bias (above the Fermi level) while it has the mirror plane along the short molecular axis at negative bias (below the Fermi level), which is consistent with reports in literature [17, 18] . It was revealed that deposition of about one monolayer (ML) tetracene onto Ag(110) kept at room temperature (RT) leads to the formation of a commensurate domain with respect to the Ag substrate, as shown in Figure 2a . Detailed analysis reveals that the long molecular axis of tetracene is aligned with a certain angle respect to the [001] direction from the Ag(110) substrate. While a rhombic unit cell can be extracted for the close packed domain from STM topography in Figure 2a , it is also apparent that the ordered nanostructure with long-range neatness is composed of periodically altering patterns with the bright or dim tetracene as predicated by STM simulations under positive bias in Figure 1 . With two neighboring molecules imaged with relative brightness and dimness around the [001] symmetry direction of substrate, a zoom-in view in Figure 2b also shows that even the two bright tetracene molecules within the same unit cell is slightly different from STM topography. Specifically, one tetracene molecule is completely bright in STM, while another tetracene at the diagonal position is found to be imaged as half bright and half dim, which are highlighted by the yellow ellipses in Figure 2b . This observation is kind of interesting and hasn't been discussed yet in previous reports, and the governing mechanism underneath might be related to the adsorption site at a first sight. In order to gain deep insight onto the adsorption morphology and the governing mechanism, DFT calculations have been employed with the consideration of van der Waals (vdW) interaction to predict the adsorption behavior of tetracene on Ag(110). It has been pointed out by conventional DFT calculations without the long-range vdW interaction correction in our previous work [16] that, the variation of the brightness of individual tetracene molecule was caused by the difference of Interestingly, the adsorption height of neighboring tetracene molecules is almost identical as seen from the side-view configuration at the bottom in Figure 3 , which is predicted by the vdW corrected DFT calculations. Apparently, such prediction is different from the conclusion in previous work [16] , where the adsorption height of adjacent tetracene molecules was expected to be different resulting in the alternating-brightness feature of tetracene adsorbed on Ag(110). Therefore, the vdW dispersion is supposed to play an import role in mediating the formation of the varying-brightness pattern for self-assembled tetracene molecules on Ag(110). Under the predication that the adsorption height is same for all tetracene molecules on the silver substrate, the appearance of periodically varied brightness in STM might then be related to the adsorption site, which has been revealed to in general induce the variation of density of states [44, 45] and consequently the corresponding STM imaging. In order to verify this hypothesis, charge density difference (CDD) was then calculated at the tetracene/Ag(110) interface and represented in Figure 4a . Clearly, unidentical CDD is revealed for the four tetracene molecules within one unit cell. Intense CDD indicates strong charge transfer across interface (from Ag atoms to tetracene molecules), leading to relatively high density of states and consequently the appearance of bright feature in STM. On the other hand, less visible CDD at the tetracene/Ag(110) interface might result in the emergence of dim features for the adsorbed tetracene molecules. Further investigation indicates that the difference in CDD can be assigned to the variation of adsorption sites. If the node of the tetracene molecule is placed on top of the surface Ag atom (highlighted by white lines in Figure 4a ), apparent CDD is induced and observed. On the contrary, invisible CDD is discovered once molecular nodes are positioned away from the top site, for instance, close to the hollow site as marked by purple lines in Figure 4a . Less charge transfer from the silver substrate to molecules around the hollow site accordingly results in the relative dim appearance for monomers, while strong charge transfer at the top site leads to the appearance of bright feature in STM imaging. Interestingly, the adsorption height of neighboring tetracene molecules is almost identical as seen from the side-view configuration at the bottom in Figure 3 , which is predicted by the vdW corrected DFT calculations. Apparently, such prediction is different from the conclusion in previous work [16] , where the adsorption height of adjacent tetracene molecules was expected to be different resulting in the alternating-brightness feature of tetracene adsorbed on Ag(110). Therefore, the vdW dispersion is supposed to play an import role in mediating the formation of the varying-brightness pattern for self-assembled tetracene molecules on Ag(110). Under the predication that the adsorption height is same for all tetracene molecules on the silver substrate, the appearance of periodically varied brightness in STM might then be related to the adsorption site, which has been revealed to in general induce the variation of density of states [44, 45] and consequently the corresponding STM imaging. In order to verify this hypothesis, charge density difference (CDD) was then calculated at the tetracene/Ag(110) interface and represented in Figure 4a . Clearly, unidentical CDD is revealed for the four tetracene molecules within one unit cell. Intense CDD indicates strong charge transfer across interface (from Ag atoms to tetracene molecules), leading to relatively high density of states and consequently the appearance of bright feature in STM. On the other hand, less visible CDD at the tetracene/Ag(110) interface might result in the emergence of dim features for the adsorbed tetracene molecules. Further investigation indicates that the difference in CDD can be assigned to the variation of adsorption sites. If the node of the tetracene molecule is placed on top of the surface Ag atom (highlighted by white lines in Figure 4a ), apparent CDD is induced and observed. On the contrary, invisible CDD is discovered once molecular nodes are positioned away from the top site, for instance, close to the hollow site as marked by purple lines in Figure 4a . Less charge transfer from the silver substrate to molecules around the hollow site accordingly results in the relative dim appearance for monomers, while strong charge transfer at the top site leads to the appearance of bright feature in STM imaging. Following the description of CDD, STM simulation has also been performed based on the optimized adsorption configuration and is depicted in Figure 4b . It can be seen that the STM simulation matches quite well with the CDD prediction and is reasonably consistent with the experimental finding, where the relatively bright and dim molecules are packed next to each other in array. To make the illustration clear, Figure 4c shows the STM simulation transparently overlaid on top of the adsorption configuration. Tetracene molecules can now be differentially recognized on Ag(110) with the difference in STM features directly visible. It is also worthy to be pointed out that two adsorption configurations have indeed been predicted with minor difference regarding on the adsorption site of one of bright tetracene molecules, as discussed previously in Figure 3 . However, STM simulations based on these two configurations are hard to distinguish but rather seems to be identical, and such behavior might be related to the similar CDD at the tetracene/Ag(110) interface as long as molecular nodes are placed on top of the surface Ag atoms. Nevertheless, besides the good agreement between the experimental observation and STM simulations, there is still a minor point that one tetracene molecule in the unit cell is imaged experimentally as half bright and half dim, while STM simulations in this study are still not be able to represent such behavior yet.
In short, the formation of patterned molecular nanostructures by the adsorption of π-conjugated tetracene molecules on Ag(110) shows a delicate balance between the inter-molecular and moleculesubstrate interaction, and the key role of vdW dispersion force within intermolecular interaction in mediating the tetracene molecular network on Ag(110), in good agreement with literature reports of aromatic molecules adsorbed on coinage metal surfaces [30] [31] [32] . While the periodical brightness variation of molecular feature in STM experiments has been satisfactorily explained with the longrange vdW dispersion interaction properly considered, this study demonstrates that the adsorption site is considerably important at describing the self-assembled tetracene on Ag(110) and shed further insights onto previous reports of molecular self-assembly [16, [46] [47] [48] . More importantly, herein, the fabrication of periodical molecular pattern on solid substrate could be utilized as a constructive approach to prepare functional template or platform for engineering nanostructures towards molecular electronics and nanodevices.
Conclusions
In this report, we have elaborately investigated the adsorption of tetracene molecules on Ag(110) via a combination of scanning tunneling microscopy (STM) and dispersion-corrected density functional theory (DFT), and demonstrate the interaction mechanism mediating the self-assembly of tetracene molecules on the silver substrate. Consistent with previous reports, patterned molecular structures is formed upon the adsorption of tetracene on Ag(110) with adjacent molecules being Following the description of CDD, STM simulation has also been performed based on the optimized adsorption configuration and is depicted in Figure 4b . It can be seen that the STM simulation matches quite well with the CDD prediction and is reasonably consistent with the experimental finding, where the relatively bright and dim molecules are packed next to each other in array. To make the illustration clear, Figure 4c shows the STM simulation transparently overlaid on top of the adsorption configuration. Tetracene molecules can now be differentially recognized on Ag(110) with the difference in STM features directly visible. It is also worthy to be pointed out that two adsorption configurations have indeed been predicted with minor difference regarding on the adsorption site of one of bright tetracene molecules, as discussed previously in Figure 3 . However, STM simulations based on these two configurations are hard to distinguish but rather seems to be identical, and such behavior might be related to the similar CDD at the tetracene/Ag(110) interface as long as molecular nodes are placed on top of the surface Ag atoms. Nevertheless, besides the good agreement between the experimental observation and STM simulations, there is still a minor point that one tetracene molecule in the unit cell is imaged experimentally as half bright and half dim, while STM simulations in this study are still not be able to represent such behavior yet.
In short, the formation of patterned molecular nanostructures by the adsorption of π-conjugated tetracene molecules on Ag(110) shows a delicate balance between the inter-molecular and moleculesubstrate interaction, and the key role of vdW dispersion force within intermolecular interaction in mediating the tetracene molecular network on Ag(110), in good agreement with literature reports of aromatic molecules adsorbed on coinage metal surfaces [30] [31] [32] . While the periodical brightness variation of molecular feature in STM experiments has been satisfactorily explained with the long-range vdW dispersion interaction properly considered, this study demonstrates that the adsorption site is considerably important at describing the self-assembled tetracene on Ag(110) and shed further insights onto previous reports of molecular self-assembly [16, [46] [47] [48] . More importantly, herein, the fabrication of periodical molecular pattern on solid substrate could be utilized as a constructive approach to prepare functional template or platform for engineering nanostructures towards molecular electronics and nanodevices.
In this report, we have elaborately investigated the adsorption of tetracene molecules on Ag(110) via a combination of scanning tunneling microscopy (STM) and dispersion-corrected density functional theory (DFT), and demonstrate the interaction mechanism mediating the self-assembly of tetracene molecules on the silver substrate. Consistent with previous reports, patterned molecular structures is formed upon the adsorption of tetracene on Ag(110) with adjacent molecules being imaged as Crystals 2020, 10, 13 7 of 9 relatively bright or dim alternatively, and such interesting behavior has been previously explained by the variation at adsorption height of tetracene molecules. Based on this, the essential mechanism leading to the periodic alternation of brightness and dimness is further explored in detail with the consideration of the long-range Van der Waals dispersion effect, especially when the molecule-substrate interaction is weak for tetracene adsorbed on Ag(110). It is demonstrated in the end that the adsorption height is actually identical for both brightly and dimly imaged tetrace, but instead, the adsorption site and corresponding interfacial charge transfer induced CDD play a rather crucial role towards the STM imaging with patterned molecular structures. Our report verifies that the Van der Waals dispersion interaction is crucially essential to appropriately describe the adsorption of tetracene on the silver surface, and the construction of artificial nanostructures on metal surfaces might also point out a dedicated direction towards the molecular electronics. 
